Immunotherapy is expected to be promising as a next generation cancer therapy. Immunoreceptors are often activated constitutively in cancer cells, however, such levels of ligand expression are not effectively recognized by the native immune system due to tumor microenvironmental adaptation. Studies have demonstrated that natural-killer group 2, member D (NKG2D), a major activating immunoreceptor, responds to DNA damage. The upregulation of major histocompatibility complex class I-related chain A and B (MICA/B) (members of NKG2D ligands) expression after DNA damage is associated with NK cell-mediated killing of cancer cells. However, the regulation of DNA damage-induced MICA/B expression has not been fully elucidated in the context of the types of cancer cell lines. In the present study, we found that MICA/B expression varied between cancer cell lines after DNA damage. Screening in terms of chromatin remodeling identified that inhibitors related to chromatin relaxation via post-translational modification on histone H3K9, i.e. HDAC, Suv39 or G9a inhibition, restored DNA damage-dependent MICA/B expression in insensitive cells. In addition, we revealed that the restored MICA/B expression was dependent on ATR as well as E2F1, a transcription factor. We further revealed that low-dose treatment of an HDAC inhibitor was sufficient to restore MICA/B expression in insensitive cells. Finally, we demonstrated that HDAC inhibition restored DNA damage-dependent cytotoxic NK activity against insensitive cells. Thus, the present study revealed that DNA damage-dependent MICA/B expression in insensitive cancer cells can be restored by chromatin relaxation via the HDAC/Suv39/G9a pathway. Collectively, manipulation of chromatin status by therapeutic cancer drugs may potentiate the antitumor effect by enhancing immune activation following radiotherapy and DNA damage-associated chemotherapy.
Introduction
Immune suppression in cancer patients is one of major issues that promotes tumor progression and inhibits the efficiency of anticancer treatment. DNA damage response in cancer cells following radiotherapy or chemotherapy engages host immune effectors that may contribute to eradication of cancer. Nevertheless, in many cases, it is likely that the stimulation in response to DNA damage is insufficient to activate the immune system in order to overcome the cancer. Therefore, enhancement of immune activity with additional therapeutic drugs may be promising to increase the antitumor effect in combination with radiotherapy or chemotherapy.
To improve the efficacy of immunotherapy, numerous studies have sought to develop novel strategies including immune-checkpoint inhibitors that can overcome the immunosuppressive environment (1) (2) (3) . Among the several immune systems, one of the major activating immunoreceptors, natural-killer group 2 member D (NKG2D), plays a central role in the antitumor effect. NKG2D is expressed in several types of immune cells, including NK, NKT, γδ T and CD8
+ αβ T cells that exert cytotoxicity against cancer cells (4, 5) . Therefore, reactivation of the NKG2D-mediated immune response is important for invoking an initial response in terms of cancer immunotherapy. Major histocompatibility complex class I-related chains A and B (MICA/B), ligands for the NKG2D immune receptor, in human cells are often constitutively upregulated in cancer cells, but are not effectively recognized in an immunosuppressive environment (6) . Regardless of the adapted environment, further activation of MICA/B is able to promote an antitumor effect. For example, DNA damage is one of the activators of MICA/B in cancer cells. Consistent with the evidence of the upregulation of
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MICA/B expression by DNA damage, ionizing radiation (IR) and chemotherapeutic agents enhance NK cell-mediated killing of cancer cells (7) (8) (9) . DNA double-strand breaks (DSBs) are the most critical DNA lesions induced by IR. Gene expression following DNA damage is regulated by kinases that are also involved in repair and cell-cycle checkpoint arrest (10) . Ataxia telangiectasia, mutated (ATM), which activates the repair and checkpoint machinery, is a 'first responder' to DSBs (11) . During homologous recombination (HR), a major DSB repair pathway, cells activate ATM-and Rad3-related (ATR) protein kinase, followed by Chk1 (11, 12) . Previous studies have revealed that the ATR/Chk1 pathway plays an important role in the expression of MICA/B after DNA damage. However, although the requirement of DNA damage signaling in MICA/B expression has been reported, variations in the responsiveness of MICA/B among cancer cell lines after DNA damage have not been thoroughly investigated (7) .
In the present study, we first investigated DNA damagedependent MICA/B expression on the surface of cancer cells in relation to tissue type and tumor-suppressor gene status. Neither tissue type nor Rb/p53 status influenced MICA/B expression. Notably, however, various cancer cell lines did not express MICA/B in response to IR or aphidicolin, a DNA polymerase inhibitor which induces DNA damage by blocking DNA replication. These insensitive cell lines did not respond even after carbon-ion irradiation, which induces robust DNA damage signaling. Next, we screened compounds that affect chromatin relaxation since we hypothesized that MICA/B gene expression in insensitive cells may be suppressed by chromatin disorganization in the tumor environment. We found that treatment with a histone deacetylase inhibitor (HDACi; vorinostat) restored DNA damage-induced MICA/B expression in insensitive cells. In addition, inhibition of Suv39 or G9a histone methyltransferase activity, both of which promote chromatin relaxation via the HDAC axis, restored MICA/B expression in insensitive cells after IR (13) (14) (15) . The restored MICA/B expression by HDACi was prevented by inhibition of ATR or depletion of E2F1. Furthermore, our titration analysis revealed that a low-dose of HDACi was sufficient to restore DNA damage-dependent MICA/B expression in insensitive cells. Finally, inhibition of HDAC restored IR-dependent cytotoxic NK activity in insensitive cells. Thus, MICA/B expression in insensitive cells can be restored by therapeutic HDACi or inhibition of Suv39/G9a activity. Collectively, our results demonstrate that inhibition of the HDAC/Suv39/G9a pathway may potentiate the therapeutic efficacy of radiotherapy and DNA-damaging chemotherapy by reactivating MICA/B-mediated killing of cancer cells.
Materials and methods
Cell lines, reagents and irradiation. The cancer cell lines were cultured in Dulbecco's modified Eagle's medium, RPMI-1640 medium (both from Wako, Tokyo, japan) or McCoy's 5A medium (Gibco, Carlsbad, CA, uSA) supplemented with 10% fetal calf serum (FCS) at 37̊C in a humidified mixture of 95% air and 5% CO 2 . x-rays were generated at 200 kVp and 20 mA using copper (0.5 mm)-aluminum (1.0 mm) filters. Exposure to carbon-ion irradiation (290 MeV/n, LET ~70 keV/µm) was performed at the Heavy Ion Medical Accelerator (HIMAC) facility of the National Institute of Quantum and Radiological Science and Technology (Chiba, japan), or at the Gunma university Heavy Ion Medical Center (GHMC; Gunma, japan) (290 MeV/n, LET ~70 keV/µm). Before IR, 10 µM of ATR inhibitor (ATRi), VE821 (Axon), was added at 30 min. At this concentration, the drug specifically inhibited the target. The DNA polymerase inhibitor aphidicolin (Wako) was added at a final concentration of 4 µM, and the cultures were then incubated for 24 h.
Analysis of MICA/B surface expression by fluorescence-activated cell sorting (FACS).
Cancer cells were incubated for 24 h after exposure to 10 Gy x-rays, carbon ions, or aphidicolin treatment, and then harvested for FACS analysis. Adherent cells were harvested by shake-off in 2 mM EDTA/phosphate-buffered saline (PBS) without trypsinization according to the method described by Clayton et al (16) . Harvested cells were washed with FACS solution (ice-cold PBS containing 2% newborn calf serum, 1 mM EDTA, 0.01% w/v NaN 3 ), and then stained with MICA/B antibodies for 20 min at 4̊C. Cells undergoing apoptosis were detected using Annexin V. MICA/B expression was analyzed in cells doubly negative for propidium iodide (PI) (Sigma-Aldrich, St. Louis, MO, uSA) and Annexin V (BioLegend, San Diego, CA, uSA). FACS was performed on a FACSCalibur instrument using the CellQuest software. FACS data were analyzed using the Flowjo v. Drug screening focusing on factors that influence chromatin remodeling. The T98G cell line, an insensitive cell line, was used in the screening analysis. Each inhibitor was added 2 h before cells were exposed to x-rays, and the cells were harvested 24 h post-IR. MICA/B expression was analyzed by FACS. Drug information, including concentration in the media, is listed in Table I. siRNA transfection. siControl and siE2F1 were obtained from Ambion Silencer ® Select siRNA (Life Technologies, Carlsbad, CA, uSA). siRNA transfection was performed using HiPerFect (Qiagen, Valencia, CA, uSA) as previously described (17) . Briefly, siRNA transfection was carried out in suspended cells following trypsinization. After 24 h, cells were re-transfected with siRNA in suspension following trypsinization. Prior to analysis, cells were incubated for 48 h after the second transfection.
Immunofluorescence staining and microscopy. Immunofluorescence (IF) staining was performed as previously described (18) . Images were captured on an Olympus Bx51 microscope with identical exposure times. Cell proliferation assay. Cell viability following vorinostat treatment was determined using Cell Proliferation kit I (Roche, Mannheim, Germany).
Statistical analysis. Statistical significance in the FACS, cell proliferation and NK-mediated cytotoxicity assays were determined using Student's two-tailed t-test or the Mann-Whitney u test, both in SigmaPlot 12.0.
Results

Cancer cell lines exhibit a wide range of DNA damageinduced MICA/B expression, independent of tissue type and
Rb/p53 status. Cell surface expression of MICA/B is upregulated after DNA damage (7) . Previous studies have reported that spontaneous MICA/B expression varies widely among cancer cell lines (19) (20) (21) . In the present study, to investigate variety of DNA damage-induced MICA/B expression among cancer cells, in relation to tissue type and tumor-suppressor gene status, MICA/B surface expression was examined in several cancer cell lines following exposure to IR. To assess human MICA/B expression, levels of MICA/B on the cell surface were analyzed by FACS. To ascertain that we were analyzing MICA/B expression in living cells, we assessed only PI and Annexin V double-negative cells (data not shown). Consistent with previous studies, the basal level of MICA/B expression in the absence of DNA damage varied among the cell types ( Fig. 1) . At 24 h after 10 Gy x-rays, we found that H2228, u2OS, u87MG, HeLa and SaOS2 cells exhibited high levels of MICA/B induction, whereas lower levels of induction were observed in u251, T98G, A549 and MCF7 cells ( Fig. 2A and B) . Notably, x-ray-induced MICA/B expression was not obviously correlated with tissue types ( Fig. 2A and B) . We also investigated MICA/B expression in relation to the status of tumor-suppressor genes, Rb and p53. However, we did not observe any correlation between mutation status and MICA/B expression ( Fig. 2B and C ).
x-ray-induced DSBs are mostly repaired by either HR or non-homologous end joining (NHEj) within a few hours after x-rays (10). Therefore, we wondered whether DNA damage signaling following X-irradiation was insufficient to induce MICA/B in insensitive cancer cells since the DNA damage is rapidly repaired, and the signal is consequently not maintained for a long period of time (17, 22) . To address this issue, we tested whether heavy ion irradiation could activate MICA/B in insensitive T98G or A549 cell lines. In contrast to x-rays, heavy ion irradiation induces complex DNA lesions that delay the speed of DSB repair (23, 24) . However, the insensitive cell lines did not express MICA/B even after carbon-ion irradiation (Fig. 3A) . High levels of DNA damage signaling after carbon-ion irradiation were confirmed by Chk1 S345 phosphorylation (pChk1), since Chk1 has a central role in the upregulation of MICA/B expression after DNA damage (Fig. 3B) (7) . The ATM/ATR dependency of this effect was confirmed by the decrease in pChk1 in the presence of an ATM-or ATR-specific inhibitor (Fig. 3C) (25) . To further confirm the poor responsiveness in insensitive cells, we treated insensitive T98G cells with aphidicolin, a DNA polymerase inhibitor, which induces DNA damage by blocking DNA replication (26) . Similarly to IR, aphidicolin treatment did not activate MICA/B in insensitive T98G cells (Fig. 3D and E) . These data reveal that the limited response of MICA/B expression in insensitive cell lines is due to neither IR-induced damage complexity nor the type of DNA damage. Instead, other factors are likely involved in the suppression of DNA damage-dependent MICA/B activation.
Inhibition of histone deacetylase activity restores DNA damage-induced MICA/B expression in insensitive cancer cells. Next, we speculated that the insensitivity may be dependent on the suppression of the MICA/B gene expression due to an alteration in chromatin structure in cancer cells (27) (28) (29) . To test this idea, we conducted a screening for compounds that restored MICA/B expression by targeting chromatin remodeling factors in insensitive T98G cells (Fig. 4A and Table I ). The results revealed that vorinostat, an HDACi, substantially restored IR-dependent MICA/B induction in insensitive T98G (Fig. 4A and B ) and u251 cells (data not shown), although the drug exerted little effect on other insensitive A549 and MCF7 cell lines (data not shown). In contrast, in sensitive u2OS and SaOS2 cells, IR also increased MICA/B expression even further in the presence of vorinostat (Fig. 4C) . Consistent with previous findings, vorinostat alone increased MICA/B expression in insensitive as well as sensitive cells (Fig. 4 and Table II) (30) (31) (32) . Similarly to vorinostat, trichostatin A (TSA; HDAC inhibitor) and the histone methyltransferase inhibitors; chaetocin (Suv39 inhibitor) and Bix-01294 (G9a inhibitor), which also relieve chromatin compaction, increased MICA/B expression on their own, and more importantly, treatment with these inhibitors restored IR-dependent MICA/B induction in insensitive cells (Fig. 4A and B, and Tables I and II) . By contrast, neither DNA methyltransferase nor histone acetyltransferase (HAT) inhibitors affected MICA/B expression ( Fig. 4A and B, and Tables I and II) . Although the effects of these inhibitors may be influenced by the conditions of the drug treatment, e.g., concentration or duration, our screening analysis revealed that inhibition of HDAC/Suv39/G9a was able to restore and enhance DNA damage-induced MICA/B expression. To further consolidate the notion that HDAC/Suv39/G9a inhibition restores MICA/B expression in insensitive cells, we analyzed the MICA/B surface expression +/-HDAC, Suv39 or G9a inhibitor after aphidicolin treatment ( Fig. 4D and E) . Similar to the result after IR, aphidicolin-induced MICA/B expression was restored by HDAC/Suv39/G9a inhibition.
Restoration of MICA/B expression by HDACi is dependent on ATR and E2F1, a transcription factor that responds to
DNA damage. DNA damage-dependent NKG2DL activation requires ATM/ATR (7). Therefore, we investigated whether the restoration of MICA/B expression by HDAC inhibition is dependent on these kinases. As expected, treatment with the ATR inhibitor (ATRi) decreased IR-dependent MICA/B expression restored by HDACi (Fig. 5A and B) . In mice, NKG2DL expression is controlled by the transcription factor E2F (33) . To assess the involvement of E2F1 in the restoration of IR-induced MICA/B expression by vorinostat, we evaluated MICA/B expression following depletion of E2F1 by siRNA. Depletion of E2F1 in insensitive cells decreased IR-dependent MICA/B expression in the presence of HDACi (Fig. 5C-E) . Thus, our results indicate that restoration of MICA/B expression by vorinostat is mediated by ATR-dependent DNA damage signaling, and that transcription is regulated by the E2F1 pathway.
Low-dose HDACi restores DNA damage-dependent MICA/B expression. MICA/B expression in cancer cells is increased following treatment with HDACi alone (30) (31) (32) . Inhibition of HDAC alters global chromatin structure, resulting in dysregulation of gene expression (34) . Such dynamic genome alterations sometimes cause severe side-effects in normal cells. Therefore, high concentrations of HDACi should be avoided in order to decrease side-effects in normal tissues (35) . One advantage of radiotherapy is that it can directly target tumors; consequently, identification of the minimal dose of HDACi that can restore/enhance MICA/B expression following IR may facilitate clinical applications (36) . Thus, we titrated vorinostat against insensitive cells to determine the lowest concentration of HDACi that can restore IR-induced MICA/B expression. We selected vorinostat for the titration analysis since treatment with TSA, chaetocin and Bix-01294 caused severe cell toxicity compared with vorinostat (data not shown). In addition, vorinostat has been used in clinical practice (37) . Similar to the data in Fig. 4A and B, vorinostat alone increased MICA/B expression in insensitive cells in a dose-dependent manner (Table III) . Notably, the titration analysis revealed that 0.5-2 µM vorinostat restored DNA damage-dependent MICA/B expression in insensitive T98G cells (Fig. 6A and Table III) . IR-dependent enhancement was not observed in the presence of 10 µM vorinostat, possibly due to saturation of transcriptional activity (Fig. 6A and Table III ). In contrast, 1 µM vorinostat did not induce MICA/B expression in normal human fibroblast cells after IR (Fig. 6B) . Next, we investigated whether treatment with the lower concentration of vorinostat causes toxicity in cancer cells or normal fibroblast cells. A concentration of 10 µM vorinostat markedly curtailed cell growth in both cancer and normal cells (Fig. 6C and D) . Although 1-2 µM vorinostat decreased the growth rate of normal fibroblast cells by ~50%, we confirmed that the growth inhibition was significantly lower than that induced by the 10-µM vorinostat treatment (Fig. 6D) . HDACi restores IR-induced NK-mediated cytotoxicity in insensitive cells. Next, to confirm whether the restored MICA/B expression affects NK cell-mediated cytotoxicity, an NK cell cytotoxicity assay was performed with/without vorinostat in insensitive T98G cells. Treatment with vorinostat substantially restored the activity of T98G lysis, suggesting the restoration of T98G cell susceptibility to NK-92-mediated killing (Fig. 7A) . Notably, the increase in cytotoxicity was critically dependent on the NKG2D-MICA/B interaction, since it was completely abolished by addition of a blocking anti-NKG2D Ab (Fig. 7A ), whereas addition of an isotype control mAb did not significantly affect NK-92-mediated lysis (Fig. 7A) . We examined levels of PI and Annexin V to confirm that 10 Gy +/-1 µM vorinostat in the absence of NK-92 cells did not cause cell death at 24 h after IR, suggesting that neither IR nor HDACi (or both) affected cell viability in this time range of analysis (Fig. 7B) . Collectively, these data strongly demonstrate that DNA damage-dependent MICA/B expression and NK cell cytotoxicity in insensitive cancer cells can be restored by inhibition of the HDAC pathway.
Discussion
NKG2DL is constitutively expressed in various tumor cells (19, 21) . In addition, ATM/ATR signaling contributes to NKG2DL expression induced by DNA-damaging agents both in vivo and in vitro (7) . In the present study, we investigated whether cancer cell lines showed distinct responsiveness of MICA/B expression after DNA damage. Our data provide the first demonstration that there is considerable variation in MICA/B expression among cancer cells in response to DNA damage. Notably, neither the complexity of IR-induced damage nor the type of DNA damage influenced the restoration of DNA damage-dependent MICA/B expression in insensitive cancer cells. This observation supports the important notion that stimulation by DNA damage alone cannot effectively overcome the suppressive phenotype in insensitive cancer cells.
Our drug screening analysis demonstrated that histone H3K9 modification is a key process involved in the restoration and enhancement of MICA/B expression, even in the absence of DNA damage. HDACs deacetylate multiple lysine residues of histones, resulting in chromatin compaction (38) . Therefore, inhibition of HDAC activity leads to chromatin relaxation. HDAC inhibition also affects the responsiveness of gene expression. Since gene silencing is caused by the chromatin condensation in the promoter region, forced genome-wide relaxation by HDACi treatment can restore gene expression even when the DNA at the promoter region is highly methylated (28, 39) . Similar to the role of HDAC, Suv39/G9a, a methyltransferase of histone H3K9, promotes chromatin compaction. HDACs and Suv39/G9a function in the same axis, and the balance of their activities controls chromatin structure. In the drug screening analysis, we found that inhibition of Suv39/G9a activity also enhanced MICA/B expression. In the present study, we revealed that inhibition of HDAC, Suv39 or G9a activity increased MICA/B expression in both insensitive and sensitive cell lines in the absence of DNA damage (30) (31) (32) . Recently, Baragaño Raneros et al demonstrated that MICA/B is highly methylated in several acute myeloid leukemia cell lines (28) . From these observations, we proposed the idea that MICA/B is frequently downregulated by gene silencing as a consequence of tumor development, however, by the inhibition of HDAC/Suv39/G9a activity, MICA/B gene expression may be restored by the reactivation of MICA/B transcription at the relaxed promoter region.
In the present study, we found that low-dose HDACi sufficiently restored DNA damage-dependent MICA/B expression, which was dependent on DNA damage signaling via the ATR pathway. ATR activates Chk1, which transduces downstream signals to control gene expression in response to DNA damage. In addition, we found that IR-induced MICA/B expression requires E2F1. Collectively, these data reveal that the ATR/Chk1 signal promotes E2F1-dependent transcriptional activity, which is required for MICA/B expression. However, future studies may be required to determine the mechanism of the signaling cascade from ATR/Chk1 to E2F1. Notably, DNA damage alone did not induce MICA/B expression in insensitive cells; rather, it was restored in the presence of HDACi. Moreover, we wondered whether the restoration of MICA/B expression is dependent on IR or HDACi when it is combined. Although the current data may not fully answer the question, we believe that the results suggest that the MICA/B gene reacquires IR-responsiveness when MICA/B gene silencing is restored by vorinostat. In addition, we found that the surface expression of MICA/B following DNA damage was not restored by HDAC inhibition in H2228, A549 or MCF7 cell lines (data not shown). These data may suggest that the non-responsiveness of MICA/B expression in these cell lines is caused by other mechanisms, e.g., mutations in the MICA/B gene or dysfunction of the MICA/B protein; this issue may be addressed in a future study. Previous studies demonstrated that HDAC inhibition prevents DSB repair (40) . Therefore, we assessed whether inhibition of NHEj affects the expression of MICA/B in cancer cells, however, we did not see an obvious change in expression (data not shown). Further studies are required to assess precisely how DNA repair influences MICA/B expression following DNA damage.
Vorinostat and panobinostat are approved in the uS for the treatment of cutaneous T cell lymphoma and multiple myeloma, respectively. Thus, single-agent administration of an HDACi has already been shown as useful cancer treatment (39) . Conversely, the biggest advantage of radiotherapy is the ability to target the tumor without systemic side-effects. However, despite the improvement of therapeutic efficacy due to development of novel radiotherapy technologies, metastases can occur, since it is technically unfeasible to irradiate all the disseminated micro-metastatic cancer cells. It is therefore important to find the best cohort for radiotherapy. The therapeutic benefit of radiotherapy in combination with HDACi has already been shown in vivo and in vitro (41, 42) . Our findings support the idea that HDACi may be a good cohort for radiotherapy, since the combination therapy may treat not only a gross tumor, but also micro-metastatic cancer cells by immune response. Alternatively, upregulation of MICA/B can be a productive marker for the efficacy of therapeutic agents. For instance, by combining HDACi treatment with radioimmunoconjugate therapy, another potential application in preclinical and clinical settings (43), the exposed ligands may be used as a target for elimination of cancer cells.
In summary, this is the first study revealing the wide variation in MICA/B surface expression in cancer cell lines following DNA damage. Notably, inhibition of HDAC activity was able to restore DNA damage-dependent MICA/B expression in insensitive cells. Our analysis revealed that the restored MICA/B expression was mediated by ATR and E2F1 signaling. Previous studies revealed that HDACi treatment exerts its anticancer effects via multiple mechanisms, including prevention of DNA repair and promotion of the adaptive immune response (44, 45) . In addition to these effects, our data demonstrate that HDACs may contribute to MICA/B (NKG2D)-mediated antitumor effects after IR. Thus, combination therapy using HDACi and radiotherapy or DNA damage-inducing chemotherapy represent valid and feasible approaches to cancer therapy.
